According to the 'free radical hypothesis', the ageing process is a progressive accumulation of oxidative changes leading to disease and death [1, 2] . Studies also show age-related declines in both exogenous and endogenous antioxidant systems including vitamins C and E, glutathione (GSH) and antioxidant enzymes [3] [4] [5] [6] . 
present as reduced thiols and/or mixed disulphides with HcySH, CysGlySH, CysSH and GSH (as a whole referred to as S-thiolated proteins)
, through a reaction of S-thiolation, in which protein thiols form a mixed disulphide bond with lowmolecular-mass thiols. This process plays both a regulatory and an antioxidant role, because it protects protein cysteinyl thiols against irreversible oxidation (i.e. further oxidation to sulphinic and sulphonic acids) [26] and also has a role in protein redox regulation [27] . [6, 19, [28] [29] [30] [31] [32] . In these studies, tendencies for some parameters and also significant correlations were established, showing an increase in pro-oxidative effects and a decrease in antioxidative ones during ageing. [33, 34] [19, 28, 32] and increase in total Cys and total Hcy [19] , but also cysteinylation and homocysteinylation of plasma proteins. 
There exist reports on the level of GSH, GSSG, malondialdehyde, protein carbonyls, 4-hydroxy-2,3-trans-nonenal, uric acid and the redox couples GSH/GSSG and CysSH/(CysS)2, as well as on antioxidant enzyme activities (superoxide dismutases and GSH peroxidases) in blood and plasma of healthy populations during ageing

S-thiolated plasma proteins have been detected in healthy human beings, but increase in patients with cardiovascular diseases and in uremic patients on haemodialysis
. Although increased protein S-thiolation is considered an in vivo marker of oxidative injury, scarce attention has been paid to the significance and quantification of S-thiolated proteins in blood plasma of healthy individuals during ageing. The purpose of the present study was to determine the relative amount of S-thiolated proteins (i.e. homocysteinylated, cysteinylglycinylated, glutathionylated and cysteinylated proteins) to the
Materials and methods
Materials
Study participants
The study participants included 63 [36] . Fig. 1 [26] so that minor haemolysis can result in erroneously high plasma GSH values. Furthermore, thiols can be lost by oxidation, which occurs with a half time of about 5 min. in plasma at room temperature [38] . Here, we have used a procedure that we have optimized to collect blood with minimal haemolysis, to prevent thiol oxidation and degradation during sample processing and to provide a specific and sensitive measure of plasma thiols [19, 35, 36, 39] . [19, 20, 40] . In this context, it is worth noting that reported concentrations of low-molecular-mass disulphides presented in Table 2 and throughout the manuscript are thiols measured after reduction of disulphides (Fig. 1) Fig. 3 show age-dependent diminution in plasma concentration of PSH (Fig. 3A) (Fig. 3A) , whereas the level of S-thiolated proteins increased with age from about 163 to 221 M (ϩ35%) (Fig. 3B and C) . Results illustrated in Fig. 3D show age-dependent decrease in the plasma PSH/RSSP ratio from about 2.7 to 1.8, most, if not all, of decrease becoming evident over 60 years. Fig.  4A and B, respectively. These S-thiolated proteins do not change significantly in correlation with age. Fig. 4C and D, respectively. An apparent, age-related minute increase (about 1%) was measured for S-homocysteinylated proteins, but variation of data also increased with age (Fig. 4C) ; however, the presence of S-homocysteinylated proteins, compared with that occurring in the youngest individuals (first group of age), increased by 25% and 75%, respectively, in the individuals aged 61-80 years and more than 80 years of age (Fig. 4C) . Differently, a positive correlation was determined between S-cysteinylated proteins and the ageing process: results illustrated in Fig. 4D show a clear [41] , and the mean value of plasma CysSH/(CysS)2 pool in human beings shows a significant oxidative shift between the third and the ninth decade of life [6, 42] . Results illustrated in Fig. 5A show that the plasma HcySH/(HcyS)2 ratio changes significantly during the whole age range. Differently, we measured only a slight age-dependent decrease (note the different scale range on the y-axis between Fig. 5A and B) in the plasma CysSH/(CysS)2 ratio (Fig. 5B) . [41, 43] [44] [45] [46] [47] , plasma proteins such as albumin are mainly S-cysteinylated [13, 26, 48] .
The relative amounts of S-homocysteinylated (HcySSP), Scysteinylglycinylated (CysGlySSP), S-glutathionylated (GSSP) and S-cysteinylated proteins (CysSSP) were calculated to the total amount of protein cysteinyl thiols (tPS, i.e. PSH ϩ S-thiolated proteins). A summary of the procedures followed for accurate thiol/disulphide determination in human plasma is reported in
Results
Human red blood cells contain approximately 500 times higher GSH concentration than plasma
In all measured plasma samples, independently of age, mean values of PSH and S-thiolated proteins (i.e. S-cysteinylglycinylated ϩ S-glutathionylated ϩ S-homocysteinylated ϩ S-cysteinylated
as well as age-dependent increase in plasma concentrations of S-thiolated proteins (Fig. 3B). PSH declined with age from about 449 to 397 M (-12%)
Measurements of S-cysteinylglycinylated and S-glutathionylated proteins, as the relative amount of S-thiolated proteins to total protein thiols and as a function of age, are illustrated in
Measurements of S-homocysteinylated and S-cysteinylated proteins, as the relative amount of S-thiolated proteins to total protein thiols and as a function of age, are illustrated in
Fig. 2 Plasma levels of total protein thiols (tPS = reduced protein sulphydryl groups ϩ S-thiolated proteins) for each age group. Data are means Ϯ S.D. the data reported in Fig. 4C and D clearly show that, until approximately 60 years of age, there is no significant association between S-homocysteinylated and S-cysteinylated proteins and age, whereas the ratio of S-homocysteinylated and S-cysteinylated proteins to total protein thiols increase with age over 60 years. The CysSH/(CysS)2 redox couple quantitatively represents the largest pool of low-molecular-weight thiols and disulphides in plasma
Discussion
Major differences between cellular and extracellular compartments exist both in terms of the concentrations of sulphydryl/disulphide systems and their relative redox states
. Within cells, the major low-molecular-weight sulphydryl/disulphide pool, GSH/GSSG, is principally in the reduced form. Differently, the CysSH/(CysS)2 pool, mainly in the disulphide form, quantitatively represents the largest
Fig. 3 Plasma levels of reduced protein sulphydryl groups (PSH) (A) and S-thiolated proteins (RSSP) (B, C) for each age group. (D): Shows the agedependent decrease in the plasma reduced protein thiols/S-thiolated proteins (PSH/RSSP
pool of low-molecular-weight thiols and disulphides in plasma and the extracellular compartment on the whole. Therefore, intracellular proteins may be prevalently S-glutathionylated, whereas extracellular proteins may be predominantly S-cysteinylated. For example, although the small fraction of S-thiolated haemoglobin in red blood cells is S-glutathionylated
In human plasma, concentration of PSHs is mostly due to cysteinyl residues of albumin, which reaches concentrations of more than 500 M. As for the low-molecular-mass thiols, plasma concentration of GSH is generally in the range of 2-4 M [19, 20, 26] , CysSH is in the range of 8-10 M and that of (CysS)2 is higher than 40 M [29] . Although representing only a minor component as compared with protein cysteinyl thiols and free CysSH, GSH is the most extensively studied extracellular thiol/disulphide component in the human plasma during ageing [28, 32] .
The present study shows no significant changes in the plasma concentrations of total protein thiols (PSH ϩ RSSP) for each age group (Fig. 2) . On the other hand, the age-related decrease in the plasma level of PSHs is accompanied by a significant increase in the concentration of S-thiolated proteins (Fig. 3) . These data suggest that there is some increase in oxidative events targeting protein thiols throughout adult life, the phenomenon becoming clearly manifest as from 60-70 years. The pools of S-thiolated proteins differ in their relationships with age. There are scarce or no differences in the relative amount (as compared to total plasma protein thiols) of Fig. 4A and B) . (Fig. 4C and D) . The agerelated homocysteinylation is accompanied by a significative decrease in the plasma HcySH/(HcyS)2 ratio (Fig. 5A ). In agreement with other reports [6, 42] , our results suggest that the age-related cysteinylation is accompanied by a decrease in the plasma CysSH/(CysS)2 pool in healthy human beings (Fig. 5B) .
Fig. 4 Plasma levels of S-cysteinylglycinylated (CysGlySSP) (A), S-glutathionylated (GSSP) (B), S-homocysteinylated (HcySSP) (C), and S-cysteinylated (CysSSP) and (D) proteins
S-cysteinylglycinylated and S-glutathionylated proteins between younger and older age groups of healthy individuals (
On the contrary, S-homocysteinylated and S-cysteinylated proteins increase with age in healthy individuals
The most abundant reduced sulphydryl group in plasma is that of human serum albumin (HSA), given its high concentrations. The single free cysteinyl thiol of HSA, Cys34, accounts for ~80% of reduced thiols in human plasma and is an important scavenger of reactive oxygen and nitrogen species (ROS/RNS) in the vascular compartment, thus resulting to be a quantitatively important redox buffer of blood [49] [50] [51] [50] [51] [52] . This balance between reduced and oxidized forms of HSA can shift in pathological states, and during ageing [51, 52] . Thus, decrease in plasma PSHs, as seen in aged groups (Fig. 3A) , has important physiological implications. Reduced PSHs are important scavenger of ROS/RNS, thus homocysteinylation and cysteinylation of plasma protein sulphydryls that occur in healthy elderly individuals over the age of 60 years (Fig. 4C and D) [41, 53, 54] , may be critically important on signal transduction and transcription events that utilize proteins containing sulphydryl groups in reactive sites. Thus, the associated risk of adverse effects during ageing may increase (Fig. 6) .
Protein-bound HcySH accounts for 70% to 80% of plasma total HcySH in healthy individuals [55, 56] . Homocysteinylation of accessible CysSH residues in different cellular and plasma proteins could alter their structure or function or both [57] . In vitro studies have shown that homocysteinylation of the Cys9 residue of annexin II, the endothelial cell surface docking protein for tissue plasminogen activator, inhibits binding [58] . HcySH also binds the fibrin binding domain of plasma fibronectin, inhibiting its ability to bind fibrin [59] , as well as factor Va, making it resistant to inactivation by activated protein C [60] . Furthermore, the amyloidogenic protein transthyretin (pre-albumin) undergoes S-homocysteinylation at its single CysSH residue both in vitro and in vivo [61] and homocysteinylation of LDL induces an increase in oxidative damage and a decreased viability on human endothelial cells [62] . Intriguing, recent findings provide the first evidence of S-homocysteinylation of intracellular metallothionein, a ubiquitous intracellular zinc-chaperone and superoxide anion radical scavenger, which results in loss of protein function, thus suggesting a novel mechanism for disruption of intracellular zinc and redox homeostasis [63] . These studies thus provide novel evidence as to how HcySH may affect multiple cellular stress pathways [63] .
Taken together, these studies suggest a possible link between increased oxidative stress, decrease in plasma GSH and PSH [19, 28, 32] biochemical parameters, which become typically compromised in the course of ageing [64] , supporting the hypothesis that oxidative changes may contribute to the ageing process.
In conclusion, several lines of evidence indicate that oxidative stress increases with age. Plasma redox values are dynamic indicators of the systemic balance between oxidative and antioxidant processes [6, 19, 41, 43] . The cross-talk among the various thiol pools in plasma (redox thiol status) has been proposed to be an element of the extracellular antioxidant defence system [6, 41, 65] 
